Sys ems E gine ri n D p r AnnapoYl s , fiary?an$ ? 1 i~P ABSTRACT T h i s paper describes a magnetoelastic based force transducer, one t h a t may be used i n the manner o f a standard strain gage. The sensor appears t o offer several advantages over resistance and semiconductor s t r a i n gages. In particular, i t has a s e n s i t i v i t y more than an order of magnitude greater than semiconductor s t r a i n gages.
I. INTRODUCTION
The purpose of t h i s paper i s t o present a new transducer or sensor design t h a t i s c u r r e n t l y under study.
The sensor study was instigated along with robotic wrist design a t t h e Naval Surface Weapons Center (NSWC) a t White Oak, MD. The work has continued under the auspices of the National Bureau of Standards, Automated Machinery Division, Gaithersburg,
MD.
The basic problem was to provide a more sensitive measurement of forces and torques in a r o b o t wrist. The objective being to produce b e t t e r feedback signals for intelligent robotic operations. In order to he1 p understand the operation of the transducer, a brief discussion of the background of the material and material properties are presented first.
Following t h a t i s a description of the sensor operation and then the resul t i ng performance.
I . BACKGROUND
The sensor operates because of a material property called magnetostriction.
While t h i s i s a troublesome property for a transformer core material to possess, there are applications i n which i t i s a useful feature. The material a1 so exhibits the Villari Effect, where physical changes, such as changes i n s t r e s s a r e accompanied by changes in the material magnetic properti es.
The sensor i s designed around a relatively new material called Metglast.
The name is derived from the fact that the material is metallic in composition, b u t has some o f the physical properties of glass. The material comes in the form of a ribbon and i s highly magnetic. A t present there are three groups of amorphous materfals [l] . One group, based on cobalt, display almost no magnetoelastic effects.
Applications of this group include 400 Hz transformers, switching power supplies, magnetic heads and variable delay lines.
One of t h e f i r s t prototype applications of the ribbons was magnetic shielding. Because the ribbons can be woven and braided, they have been used for cable shielding and other types of flexible shielding wraps C21.
A second group of amorphous materials are the magnetoelastic Fe group. In addition to t h e i r magnetic properties, they have very good mechanical elastic properties. Since they are amorphous, there are no g r a i n boundaries and no slipping of crystalline surfaces.
Hence, the ribbons can stand greater stress and p l a s t i c deformation than standard crystalline ferromagnet i c compounds [SI. These ribbons have been used i n force sensors C4,5,61, extensometers C31 and non-touching torque sensors f 7 , 8 1 .
One o f the main differences in the amorphous materials and the normal Fe crystal 1 ine compounds i s the magnetization process.
In the amorphous materials, magnetization takes place through domain rotation rather than t h r o u g h domain wall displacement C1,2,91. This r e s u l t s i n low losses and linear hysteresis curves
There have been a s e r i e s of new compositions over the last few years. In addition to the advances made i n basic material composition, the magnetic properties may be changed and improved through several annealing processes c1,lOl. Heat treating in a magnetic field allows one t o shape the hysteresis curve for different applications. A recently reported application of magnetoelastic ribbons t o a torque transducer used heat treating t o s t r e s s r e l i e v e t h e r i b b o n s and improve sensor performance [SI. Mori b u i l t one of t h e f i r s t force transducers and used mechanical annealing i n addition to heat treatment [31.
Magnetoel astic ribbons offer several advantages over standard strain gages. First, they have the potential to be orders of magnitude more sensi ti ve than s t r a i n gages. They have a higher temperature stability than even resistance gages, a higher maximum operating temperature and a greater 1 inearity [SI. On the other hand, they may need shielding, sometimes when annealed the ribbons become b r i t t l e and long term time e f f e c t s are not known.
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The actual material property t h a t changes i n the ribbons i s the susceptibility, X. Figure I i s a plot of inverse susceptibility versus stress for a 2605SC ribbon [lo].
A s the figure i l l u s t r a t e s , a very linear relationship exists. A1 t h o u g h the material property t h a t changes i s susceptibility, in general one must measure some other parameter. Inductance i s one of the obvious choices. Using l i n e a r system theory, the coil may be represented by a lumped impedance Z , as
where R i s t h e dc resistance, L the inductance of t h e c o i l , and w is the radian excitation frequency. The o u t p u t e2 i s used as a reference. This allows el and e2 t o be compared, resulting i n a measurable change in magnitude and phase s h i f t . where mR represents milliohms and ~J E represents microstrains.
Equation (3.4) i s a measure of the sens i t i v i t y of the Metglas sensor
and will be compared t o t h a t of a standard resistance strain gage next.
IV. FIGURE OF MERIT -l _ _ l _
The term gage factor was defined for resistance type strain gages as where Ro i s the nominal gage resistance and h R i s the change in resistance due t o the change in s t r a i n , A S . A typical resistance strain gage has a gage factor of 2 and an Ro o f 120 ohms.
A semiconductor strain gage i s constructed o f strain sensitive material, such as silicon [ l l ] . These devices a1 so undergo a change in resistance due t o a change in strain, hence the, gage factor of equation I f equations (3.4) and (4.2) are compared, the difference is noticeable.
They indicate t h a t the Metglas sensor i s many times more sensitive t h a n a standard resistance strain gage.
Given a sensor configuration b u i l t as the one illustrated in Figure  2 , the dc resistance of the coil may be measured. If the nominal value of Z i s defined as this dc resistance, Zo and i f a figure of merit i s defined which has the same form as equation ( 4 . 2 ) , then a measured r e s u l t i s (4.3) Note t h a t this indicates t h a t the Metglas sensor i s an order of magnitude more sensitive than even the semiconductor s t r a i n gage.
There i s some hesitancy t o call the figure of merit i n equation (4.3) a gage factor. The gage factor equation i s defined i n terms of the s t r a i n gage physical parameters, i.e., resistance and change in resistance due t o change i n physical dimensions. Equation The parsmeter t h a t i s being measured in the current sensor configuration is the inductance, L . If a figure of merit were defined using measured values o f inductance, i t would have the form
where Lo i s the initial , or unstressed sensor and AL i s tance due t o a load change. (4.4) inductance in the the change in induc-A sensor was mounted on a b a r and measured i n both tension and torsion modes. The measured figure of merit was found t o be 2223 and 2355 respectively., This is a typical value of the general magnitude found for several sensors.
Savage and Spano [ l o ] worked o u t a theoretical value of the figure of meri t for the 26055SC Metglas ribbon, based on susceptibility changes. Their figure of merit i s defined as
where X is the material susceptibility, and t h e i r results are shown i n Figure 5 . Note that the figure of merit is also a function of the intens i t y of the driving field.
V. RESULTS
There are Inany factors t h a t affect the performance of the Metglas sensor, just as there must have been many factors affecting the performance of s t r a i n gages when they were f i r s t developed. As Figure 5 i l l u s t r a t e s , i t appears t h a t the greater the intensity of the driving field, the less the sensitivity of the sensor.
On the other hand, the larger driving field produces 1 arger output signals which require less amplification.
The bonding of the sensor to the base material i s the most critical factor in the process. Any operation t h a t a f f e c t s or reduces the domain rotation of the Metglas ribbon reduces i t s s e n s i t i v i t y . This would imply that a perfect bond between the sensor and a base material would so r e s t r i c t domain rotation that the sensor would n o t work. For one sensor, and only one, using equation (4.4), the figure of merit has been measured in excess of 7000. As mentioned previously, the typical value is on the order 2500.
Because of the extremely high s e n s i t i v i t y and the electronics, the Metglas sensor has a much larger o u t p u t t h a n a standard strain gage.
Very little amplification is required t o achieve o u t p u t signals of -+ 1 v o l t magnitude.
Figure 6 i l l u s t r a t e s an o u t p u t for small s t r a i n s and Figure 7 i l l u s t r a t e s an o u t p u t for l a r g e r s t r a i n s .
The sensor of Figure 7 was driven with a larger signal and had an overall gain u n i t y . I t i s f e l t t h a t the nonlinearity can be removed, b u t no attempt t o do so has been made t o date.
As the data illustrates, the current version of the sensor i s demonstrating the ability to be about 2 order of magnitude more sensitive than standard strain gages. I n addition, i t appears t o have the potential of much better performance. 
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